Research on three-dimensional (3D) surface reconstruction from range slices obtained from range-gated laser imaging system is of significance. 3D surfaces reconstructed based on existing binarization method or centroid method are rough or discontinuous in some circumstances. In this paper we address these problems and develop a 3D surface reconstruction algorithm based on the idea that combining the centroid method with weighted linear interpolation and mean filter. The algorithm consists of three steps. In the first step, interesting regions are extracted from each range slice based on mean filter, and then are merged to derive a single range image. In the second step, the derived range image is denoised and smoothed based on adaptive histogram method, weighted linear interpolation and mean filter method respectively. Finally, nonzero valued pixels in the after processed range image are converted to point cloud according to the range-gated imaging parameters, and then 3D surface meshes are established from the point cloud based on the topological relationship between adjacent pixels in the range image. Experiment is conducted on range slices generated from range-gated laser imaging simulation platform, and the registration result of the reconstructed surface of our method with the original surface of the object shows that the proposed method can reconstruct object surface accurately, so it can be used for the designing of reconstruction and displaying of range-gated laser imaging system, and also can be used for 3D object recognition.
INTRODUCTION
Range-gated laser imaging system has the advantage of background suppressing, and range slices can be obtained [1] [2] [3] . 3D object surface reconstructed from these range slices can be used in many applications such as 3D display, 3D object detection and recognition, et al [2] [3] [4] [5] . Therefore, research on 3D surface reconstruction from range slices is significant. As we known, researches on 3D reconstruction from Computed Tomography (CT) [6, 7] and point cloud [8] have been made tremendous achievements. However, these methods are not suitable here since the range slices are a series of object outline images, which can neither provide object's interior information as the CT nor provide the definite 3D coordinate information as the point cloud. During the reconstruction from range slices, there are two main parameters involved: one is slice spacing which denotes the actual distance between adjacent slices, and the other is slice thickness which denotes the actual distance range that are imaged in each slice. The existing binarization method and centroid method [9] used for range slices reconstruction are suitable for small and large slice thickness respectively, but they both require a small slice spacing, otherwise the reconstructed surface will be rough and discontinuous. In this paper we address these problems and develop a 3D surface reconstruction algorithm based on the idea that combining the centroid method with weighted linear interpolation and mean filter. As a result smooth and continuous surface can be obtained, and our proposed method can be applied in many circumstances no matter the slice spacing is less than, equal to, or greater than the slice thickness.
RANGE-GATED LASER IMAGING PRINCIPLE
Range-gated laser imaging system consists of three main components: laser emitter, signal receiver, and synchronous controller. Its working principle is shown in figure 1 . The controller drives the laser emitter send out laser pulse, and keep the receiver's range gate closed except the period that reflection signal of target in specific distance return to the receiver, so range-gated imaging is achieved. During imaging, the gating time length and the laser pulse width decide the slice thickness, and the time delay step decides the slice spacing. If the slice thickness is greater than or equal to the slice spacing, the whole target information can be collected, otherwise there will be target information that cannot be imaged in any range slice, such non-imaged parts of target information will be lost, and the reconstructed surface will be defective. Besides that, if the slice spacing is large, the reconstructed surface will be of large gradient. These two problems will be addressed in this paper. 
ALGORITHM DESIGN
There are mainly three steps to reconstruct 3D object surface from range slices: range image creation from range slices, range image processing, and 3D surface reconstruction from range image. Detailed algorithm diagram is shown in figure 2 , and the methods used in each step will be introduced detail in subsequent subparagraphs.
Range image creation from range slices
A range slice is the intensity image at a certain imaging depth, and all the range slices combined together to provide the whole information of the target. Interesting regions of each range slice are first extracted based on mean filtering, and then are merged to derive a single range image, in which each pixel value represents the actual distance from its corresponding vertex of the target to the imaging system. The centroid method we used is described as the following formulation.
,
Where f is the created range image, F i is the ith preprocessed range slice from I i , d i is the depth of the ith range slice, and N is the amount of range slices.
Range image processing
Although range slices have been denoised before they merge to get a range image, noise and abnormal distance value still exist in the range image. In order to suppress the background noise and abnormal depth value, we use adaptive histogram method [10] to denoise the created range image f. 
Where f′ is the range image after denoising, f max (u,v) and f min (u,v) denote the maximum and minimum pixel value of the 5 × 5 neighborhood of the pixel (u,v) respectively, and f hmax (u,v) denotes the pixel value that is corresponding to the histogram peak.
Besides, if the range spacing is greater than the range thickness, some parts of target information will be lost in the range slices, therefore the resultant range image will be defective. So a weighted linear interpolation is further needed to fill the missing information of the target in the range image f′. 
Where f′′ is the range image after interpolation, w and B are the weight template and the distance template of k × k neighborhoods around the current proceeding pixel (u,v) respectively, s is the amount of valid pixels in the neighborhood whose value is greater than the given threshold d .
After that, the range image f′′ is smoothed by mean filtering, so that we can get a new range image g whose gradient is much smaller than f′′ and it is able to build a better3D surface.
3D surface reconstruction from range image
3D point cloud are calculated from nonzero valued pixels in the processed range image g according to the imaging parameters such as angle of field, et al. Figure 3 shows the 3D point cloud generation diagram. Figure 4 shows the six basic connection types. When all the adjacent pixels in the range image are processed, the 3D surface reconstruction is finished. In order to validate the effectiveness of the proposed algorithm, series of range slices are generated for several different views of each model from the Stanford 3D database shown in Figure 6 . For each series of range slices, a 3D surface is reconstructed, and then the reconstructed surface is registered with the standard model. Figure 6 . The reconstructed 3D models
The statistics of the registration results is shown in table 1. We can see that, for every target, the mean error and maximum error is less than the mesh resolution of the standard model, and the variance is very small too, these experiment results demonstrate that our method can reconstruct 3D object surface accurately enough, and can also be used for 3D object display or recognition. 
CONCLUSION
In this paper, a 3D surface reconstruction algorithm is proposed in order to figure out the discontinuous and rough problems encountered by traditional binarization method and centroid method in some circumstances. There are two contributions of this paper: firstly, a weighted linear interpolation method is introduced with mean filter for supplementation to tackle the discontinuous and rough problems; secondly, a point cloud connection method is introduced, which use the topological relationship between adjacent pixels in the range image and is more concise than most of the existing reconstruction methods. The experimental results show that the proposed algorithm can reconstruct object surface accurately and is effective.
